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The payload environment of a rocket is random and dynamic during liftoff and
flight, with acoustic noise, vibration, and acceleration falling under its definition.
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CHAPTER I
INTRODUCTION
The Payload Planner Project (PPP) is a multi-year design undertaking with the goal
of producing a number of high-powered amateur sounding rockets with different
performance capabilities.1 Another deliverable of the PPP is a document outlining the
payload restrictions (weight, size, and interfaces) and payload environment. The payload
bay environment of a rocket is a critical factor to consider in payload design, requiring a
great amount of analysis and research to determine the forces payloads must tolerate. The
forces are dynamic in nature and are numerous, constantly fluctuating after ignition
commences and throughout the flight. Three periods during a rocket launch produce the
greatest levels of environmental intensities: liftoff, the transonic region, and when dynamic
pressure is maximum.2 The acoustic environment is of significant interest as there are many
sources of noise during the lift time of a vehicle’s mission. These sources include the
propulsion system, pressure fluctuations in the turbulent boundary layer on the exterior of
the vehicle, and air flow over the payload vent hole.2 Acoustic loads generated from the
rocket engine and aerodynamic sources typically have upper frequency limits around
10kHz.2 High levels of acoustic energy can potentially damage sensitive electronic and
lightweight components typically secured in the payload bay. Characterizing the noise
environment requires various modelling analysis techniques, extrapolation from previous
data, direct measurements, and scale models.2
1

The focus of this research has been to determine if the Zoom H1 Handy Recorder
is an accurate and precise measurement device for analyzing acoustic loads generated by
the propulsion system and during the flight of the vehicle. The Zoom H1 is a digital stereo
microphone capable of a sampling rate of 96kHz and input gain adjustment. This device
was chosen for its low cost and light weight (90g). The Zoom H1, shown in Fig. 1.1, is a
digital microphone capable of recording data to a secure digital (SD) card. The larger the
storage space of the card, the longer the Zoom H1 can record data.

Figure 1.1

Zoom H1 Handy Recorder

Typically, measuring noise levels during a rocket launch requires placing a pressure
transducer or microphone in the payload bay or on flush with the exterior of the vehicle.2
Unfortunately, this equipment is usually too expensive and cumbersome to place on a small
university rocket. Another means of recording is using telemetry to send data to a ground
station. The disadvantages of this method are slow data transfer rates and the possibility of
losing signal. Because the Zoom H1 is an inexpensive, off-the-shelf product, numerous
tests were performed to determine its accuracy and reliability. Using this device, direct
measurements were taken of acoustic loads generated during a rocket launch and statically
fired rocket motors.
2

CHAPTER II
ANALYSIS TECHNIQUES
This section will discuss the various concepts and approaches used throughout the
course of the project to analyze data measured by the Zoom H1 microphone. Split into two
sections, the first discusses common ways to quantify acoustic energy and the second will
explain methods for representing the frequency content.
2.1

Acoustic Energy
Pressure fluctuations measured in the atmosphere, sound pressure, are typically

quantified as the root-mean-square value of the peak-to-peak amplitude of the measured
pressure, p, using Eq. 2.1.3
𝑝𝑟𝑚𝑠 =

𝑝

(2.1)

√2

Because sound pressures can vary across a large range of orders of magnitude, it is useful
to convert them to a logarithmic scale known as sound pressure levels (SPL), using Eq.
2.2.3
𝑝

𝑆𝑃𝐿 = 20 log10 ( 𝑝𝑟𝑚𝑠 )
𝑟𝑒𝑓

(2.2)

The measured sound pressure is divided by a reference pressure, pref, which is the threshold
of human hearing, 20µPa. The result will have units of dB-SPL. Figure 2.1 illustrates
comparisons between sound pressure and SPL.3

3

Figure 2.1

Comparison of pressure and sound pressure level scales

Note: From Ref. 3

To quantify the total SPL noise measured, Eq. 2.3 is used to calculate the overall sound
pressure level (OASPL).
𝑆𝑃𝐿

𝑂𝐴𝑆𝑃𝐿 = 10 log10 (∑ 10 10 )

(2.3)

Another form of quantifying acoustic energy is acoustic power, shown in Eq. 2.4,
where r is the distance from a point source, ρ is the density of air, and a0 is the speed of
sound of air.4 The denominator of Eq. 2.4 represents the acoustic impedance of the
medium. The area component, 4πr2, removes the influence of propagation from the
calculation of the acoustic power of the emitting source. The acoustic power level is found
by Eq. 2.5, where Wref is the reference acoustic power 10-12W.3 For a sense of scale, the

4

acoustic power during normal speech is about 20µW (73dB), while the Saturn rocket
generates around 108W (200dB) in acoustic power.3
𝑊=

2
4𝜋𝑟 2 𝑝𝑟𝑚𝑠

(2.4)

𝜌𝑎0
𝑊

𝐿 = 10 log10 (𝑊

𝑟𝑒𝑓

)

(2.5)

Commonly, acoustic intensities are represented in constant relative bandwidths,
such as the octave or 1/3 octave band filters.5 Band filters average the intensities that fall
in each frequency band. The constant relative bandwidth is determined by the desired ratio
between two consecutive frequencies, as seen in Eq. 2.6.5 The variable n controls which
band filter is chosen, such as n = 1/3 is the value for the 1/3 octave band filter, and fi is the
frequency reference.5 If fi is the center frequency of the first band, then Eq. 2.6 can be used
to determine the center frequency of the next band, fi+1.
𝑓𝑖+1
𝑓𝑖

= 2𝑛

𝑓𝑐 = √𝑓𝑚𝑖𝑛 𝑓𝑚𝑎𝑥

(2.6)
(2.7)

Equation 2.7 calculates the center frequency, where fmin and fmax are the minimum and
maximum frequency of a frequency band, respectively.5
2.2

Frequency Spectrum
Knowing only the intensity of rocket noise is not enough. Dominate frequencies in

the sound signal can induce resonant frequencies in the body of the vehicle, the payload,
or structures surrounding the launch site. These resonant frequencies could lead to
catastrophic damage and mission failure. Converting a time signal to the frequency

5

spectrum requires Eq. 2.8, the Fourier Transform, where x is the time series, f is the
frequency, and t is time.6
∞

𝑋(𝑓) = ∫−∞ 𝑥(𝑡)𝑒 −2𝜋𝑖𝑓𝑡 𝑑𝑡

(2.8)

This equation wraps the time series around a complex plane using Euler’s formula.
The rate it takes the time series to make a full revolution around the complex plane
corresponds to a frequency in the signal. Repeated overlap corresponds to the strength of
the frequency. Nyquist’s Theorem states the sampling rate must be at least twice the desired
frequency range to prevent aliasing of the signal.6 Aliasing results in incorrect frequencies
past half of the sampling rate to develop from the Fourier Transform. Following this rule,
a 96kHz sampling rate will provide an accurate frequency range up to 48kHz.
Using the MATLAB function fft, the Fourier transform is computed using a Fast
Fourier transform algorithm. The fft function was useful for examining the frequency
spectrum, but to get clearer sense of the intensity of the spectrum, the function pwelch was
used. The pwelch function calculates the power spectral density (PSD) of the measured
data. Power spectral density is the sum of the energy in each frequency band of the
measured spectrum. This function implements a short-time Fourier transform (STFT),
which works by dividing the time series into segments. These segments are then multiplied
by a windowing function, like a Hanning window. A percentage overlap value of the
segments can be set, which can influence the resolution of the result. The pwelch output
are constant PSDs over a narrow frequency bandwidth, Δf, which is the sampling rate
divided by the segment length. To convert the PSDs into SPLs, Eq. 2.9 is used.
√∆𝑓𝑝𝑥𝑥

𝑆𝑃𝐿 = 20 log10 (
6

𝑝𝑟𝑒𝑓

)

(2.9)

Another spectral analysis technique investigated was the concept of the
instantaneous frequency. Using Eq. 2.10, an average frequency is calculated from the
power spectrum of a time series waveform.7
∞

𝑓𝑖𝑛𝑠𝑡 =

∫0 𝑓𝑝𝑥𝑥 𝑑𝑓
∞

∫0 𝑝𝑥𝑥 𝑑𝑓

(2.10)

The MATLAB function instfreq was used to calculate the instantaneous frequency based
on Eq. 2.10. This function also uses the STFT method for computation of the frequency
spectrum. The frequency average is influenced by the strength of the amplitudes in the time
segments of the signal.7 When applied to rocket motor data, it was found that instantaneous
frequencies showed strong correlation to the thrust produced by a rocket motor. In Fig. 2.2,
the instantaneous frequencies of acoustic data recorded from a J449 solid rocket motor
static fire match the shape of the manufacture thrust curve.

Figure 2.2

Instantaneous frequency curves and J449 thrust curve comparison

Note: Thrust curve from Ref. 8

7

It should be noted this set of data showed significant waveform clipping, which would
distort results to some degree. However, this form of analysis is still disputed and
controversial and no previous uses in rocket noise analysis were found.9 Results and
discussions from using this method are merely observations.

8

CHAPTER III
ZOOM H1 QUALITIES
To determine and verify the specifications of the Zoom H1 microphone provided
by the manufacturer, the device was used in numerous tests designed to highlight different
capabilities and results.
3.1

Frequency Detection
Using a mechanical vibrator and a PASCO function generator, pure-tone

frequencies were generated and recorded. Using FFT analysis as described above, it was
observed that the microphone set at a sampling rate of 96kHz can measure frequencies
from roughly 20Hz-48kHz, which confirms the sampling rate specification. As seen in Fig.
3.1, spectral analysis of data recorded from the mechanical vibrator emitting a 30kHz
frequency depicts the exact frequency. The lower frequencies visible in the graph
characterize the constant noise environment of the office where the test was performed.

9

Figure 3.1

3.2

Frequency spectrum of 30kHz measurement

Input Level
Another feature of the Zoom H1 Handy Recorder is the capability of setting the

pre-gain applied the input sound signal. The device allows the user to adjust the Input Level
(pre-gain) along a range 1-100. From the specifications of the microphone, the range of
adjustable gain is from 0-39dB. This decibel range can be mapped logarithmically to the
Input Level scale, such that an Input Level of 50 (the nominal setting) corresponds to a
gain of 33.3dB. This feature is important to understand because if a sound source is greater
than the upper limit of a recording device’s ability to measure pressure, the data will be
clipped. Clipping occurs when the input is greater than the allow range of the device.

10

Figure 3.2

Example of waveform clipping

Figure 3.2 shows a visual representation of a normal waveform on the left and a clipped
waveform on the right. An input signal above the upper limit is cut off, leaving square
waves that will distort results from frequency analysis. Another adverse effect of clipping
is the loss of the full energy produced by a sound source.
3.3

Conversion
The output of the digital microphone is a ±1Vrms full-scale range, with a reference

value of 1Vrms. Converting to decibels relative to the full-scale results in dimensionless
units, with the maximum acoustic input (120dB-SPL) relating to 0dBFS (decibel fullscale).10 This scale is only relative to the clipping point of the device and is changeable
because the gain applied to the input signal is adjustable.10 To obtain reliable data in
consistent units three Zoom H1 microphones were brought to the National Center for
Physical Acoustics (NCPA) at the University of Mississippi. Pure-tone signals were
generated and measured inside an anechoic chamber along with a precision Larson & Davis
(L&D) 0.5in free-field microphone, as seen in Fig. 3.3.
11

Figure 3.3

Anechoic chamber test at NCPA

Attached to a preamplifier and connected to an L&D System 824 sound level meter,
accurate acoustic data from the chamber was read in as dB-SPL. The L&D reference
microphone was confirmed to report 1:1 accuracy with a precision calibrator at 94 dB and
can be assumed to have a flat response over most of the frequency range measured. The
sound source was produced using a Hewlett Packard (HP) 33120A function generator and
adjusted with a Peavey PV 2000 power amplifier. Frequencies recorded ranged from
100Hz-20kHz, at 100Hz increment intervals to 1kHz, and 1000Hz increment intervals
afterwards. These dB-SPL values can then be used to determine the pressure of each
frequency tested. As seen in Eq. 3.1, the ratio of the Zoom H1 voltage and the pressure
provides a microphone sensitivity, MS, value for each pure-tone frequency tested.
𝑉

𝑀𝑆 = 𝑃 𝑍𝑀𝐺
𝐿𝐷

(3.1)

The Zoom H1 microphone voltage is represented as VZM, the L&D precision microphone
pressure is PLD and G is the gain of the digital microphone. Equation 3.1 is divided by G
to remove the amount of gain added to the signal by the Zoom H1 microphone. The input
12

level for each Zoom H1 microphone was set to 50. This setting will be linked directly to
real measurements through the microphone sensitivity equation. These values deviated
little between each Zoom H1 device and between each frequency up to 5kHz, as seen in
Fig. 3.4. The comparison of the Zoom H1s and L&D SPL values was deemed acceptable.

Figure 3.4

Comparison of Zoom H1 microphones and the L&D precision microphone

The average of the microphone sensitivities, 0.0048, is used to convert future Zoom H1
data to real pressure data with Eq. 3.2.
𝑃𝑍𝑀 =

𝑉𝑍𝑀
𝑀𝑆

(3.2)

Because the microphone sensitivity is linked to the level 50 input gain, measurements at
other input levels can be converted by dividing out the initial gain and multiplying by the
level 50 gain.
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CHAPTER IV
VIBRATION AND ACCELERATION ANALYSIS
Significant vibration and acceleration loads are present throughout rocket launches.
Using the mechanical vibrator and with a rotatory machine, experiments were performed
to gain insight into the effects vibration and acceleration may have on the microphone. The
mechanical vibrator provided the vibration and rapid acceleration changes, while the rotary
machine produced constant centripetal acceleration forces.
4.1

Vibration
The general setup of the mechanical vibrator experiments can be seen in Fig. 4.1.

From left to right is one microphone attached to a tripod, another microphone connected to
a mechanical vibrator, and a function generator to operate the mechanical vibrator.

Figure 4.1

Mechanical vibrator test setup
14

The mechanical vibrator was operated at a chosen frequency with one microphone attached
and another microphone and a cellphone located nearby, relatively independent of
vibrations. Attached to the vibrator, the first microphone will measure the noise and
vibration produced by the machine. The second microphone will record unaffected noise
data. Using an application, the cellphone can generate an arbitrarily different frequency not
a multiple of the mechanical vibrator. It is noted the cellphone produces harmonic
frequencies. The cellphone frequency was used to investigate the affect of vibrations on
independent noises.
Tables 4.1 and 4.2 provide the analysis results of the frequency sources for each
test separately. Results for the mechanical vibrator, or Source 1 (S1), can be found in Table
4.1, while Table 4.2 shows results for the cellphone, Source 2 (S2). From the tables, M1 is
the affected microphone and M2 is the stationary microphone.
Table 4.1

SPL results of Source 1
Test #
1
2
3
4
5
6

S1 (Hz)
60
100
200
300
400
500

M1 (dB-SPL)
143.1
142.2
132.3
133.9
128.6
140.6
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M2 (dB-SPL)
61.3
59.93
80.7
84.52
92.13
98.87

Table 4.2

SPL results of Source 2
Test #
1
2
3
4
5
6

S2 (Hz)
536
536
645
536
536
645

M1 (dB-SPL)
91.74
92.87
104.3
100.2
100.2
95.33

M2 (dB-SPL)
92.57
89.56
103.4
76.41
78.99
92.5

Looking at Table 4.1, there is a clear and significant effect of sound pressure level increase
due to vibrating M1. With higher vibration frequency there seems to be a drop in effect,
except for the 500Hz test. The reason for this is not yet known. Observing Table 4.2,
vibrations seem to increase the M1 measurement little, with the exception of Test 5 and 6.
For these tests the SPL difference between M1 and M2 were 23.79dB-SPL and 21.21dBSPL, respectively. The reason for this is also unknown at this time. Although the full extent
of these results is not yet understood, there does seem to be a clear effect with lower
vibration frequencies. It is recommended that further tests be performed, with the inclusion
of tests where M1 is oriented horizontally on the mechanical vibrator. It is also
recommended that a more accurate sound source replace the cellphone application as there
were obvious inconsistences with maintaining the same sound pressure level measured at
M2 despite the output level being held constant.
4.2

Acceleration
Two types of acceleration were examined: instantaneous and centripetal. While

conducting the vibration experiments, it was unknown what acceleration forces were acting
on the microphone attached to the mechanical vibrator. If the accelerations of the
mechanical vibrator could match those generated during a rocket launch, then that device
16

could be used to test and qualify flight components or payloads. Because the mechanical
vibrator rapidly changes direction, the accelerations produced are considered
instantaneous. During the liftoff phase when the propulsion system is burning, constant
acceleration force is applied to the vehicle. To reproduce a similar force, a rotary machine
was used to achieve centripetal forces.
4.2.1

Instantaneous
To calculate the mechanical vibrator accelerations, a Nikon DS3200 camera was

used to capture high speed imagery using a macro lens and long exposure times. A 1/15
second exposure was used with an aperture F-stop of f/5.6, where f is focal length. The
mechanical vibrator was excited at 60Hz and 100Hz, first with the microphone stand from
1-7V and then an aluminum plate, which provided better results, from 1-10V. This
photography technique captures the total motion of the mechanical vibrator, were the
amplitude changes appear as gray blurs. The amplitude change of the stand was obtained
using Eq. 4.1, where y0 and Δy are the thickness of the base connected to the mechanical
vibrator and amplitude change during vibration. The photography technique was used to
determine the Δy value.
𝐴=

𝛥𝑦−𝑦0
2

(4.1)

Assuming sinusoidal motion, the acceleration can then be computed using Eq. 4.2.
Dividing by the gravity constant, g = 9.81 m/s2, the acceleration is converted to units of
g’s.
𝑎=−
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2𝜋𝑓𝐴
𝑔

(4.2)

Table 4.3

Results of Microphone Stand test
Voltage (V)
1
2
3
4
5
6
7

Table 4.4

a (g's) @ 60Hz
-1.841
-1.841
-2.761
-3.681
-4.601
-5.522
-6.442

a (g's) @ 100Hz
-2.556
-5.113
-5.113
-5.113
-7.669
-7.669
-10.225

Results of Aluminum Plate test
Voltage (V)
1
2
3
4
5
6
7
8
9
10

a (g’s) @ 60Hz
-4.601
-9.203
-12.884
-16.565
-20.246
-23.927
-27.608
-32.209
-35.891
-40.492

a (g’s) @ 100Hz
-5.113
-10.225
-15.338
-20.45
-25.563
-30.676
-35.788
-38.345
-43.457
N/A

Table 4.3 shows a definite rise in acceleration with increased voltage when the mechanical
vibrator operates at 60Hz. When operating at 100Hz, acceleration does increase with
voltage, however there were also instances where there was no perceived change in
amplitude. The thickness of the microphone stand and the faster oscillation rate make it
difficult to accurately measure the resulting smaller amplitude shifts. To get better results,
a thin, lightweight aluminum plate was used. Looking at Table 4.4, the aluminum plate test
yielded larger accelerations with rising voltages. The accelerations are larger for the second
test because of the lighter mass of the aluminum plate compared to the microphone stand,
allowing the mechanical vibrator to move through a larger range when operating.
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These tests exhibit the testing capabilities of the mechanical vibrator in terms of
acceleration generation. It could be used to test lightweight or electrical components to
verify they are flight ready for rocket launches. As for testing the Zoom H1 microphone, it
is clear from Table 4.3 that the heavier microphone stand (52g) reduces the acceleration
the mechanical vibrator can create. With the addition of the microphone (90g) to the stand,
the acceleration forces are likely to drop much lower. However, from the Section 4.1, it is
clear these smaller accelerations can still have a great effect on the microphone’s ability to
measure sound intensities.
4.2.2

Centripetal
Using a voltage source and digital tachometer, the angular speed of the rotary

machine could be adjusted and controlled. Figure 4.2 shows the test configuration. A
microphone was strapped to an arm of the rotary machine’s bar, another was attached to
the other side for counterbalance. Another microphone was located nearby, stationary. A
cellphone was held a few feet above the center of the rotary machine to generate a
frequency at 987Hz. The position of the cellphone was chosen to minimize the doppler
effect of the spinning microphone. Wind filters were fitted to the microphones to reduce
noise of the air moving past the microphones as they spun.
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Figure 4.2

Centripetal acceleration test configuration

Centripetal acceleration from the rotary machine was calculated using Eq. 4.3, where ω is
the angular velocity measured with by the digital tachometer and r is the length of the bar
from the center of rotation to the microphones.
𝑎𝑐 =

𝜔2 𝑟

(4.3)

𝑔

Table 4.5 shows the results of the tests at different angular velocities, the 987Hz
measurement by the rotating microphone (M1) and stationary microphone (M2).
Table 4.5

Centripetal test results
RPM
60
100
150
200
250

ac (g’s)
1.2
3.2
7.2
12.8
20.1

M1 (dB-SPL)
82.51
85.37
83.26
84.5
89.35

M2 (dB-SPL)
98.11
96.87
95.63
99.58
85.88

There is a large sound pressure level decrease between M2 and M1, with the exception the
250rpm test, where there was a 3.47dB-SPL increase. The measured signals of these tests
20

experienced waveform clipping due to the wind noise, despite the implementation of wind
filters. It is not clear how significant the clipped waveforms would distort the results of the
tests, however the drop in sound energy measured by M1 seems consistent enough to
conclude constant acceleration force applied to the microphone condenser diaphragm may
inhibit measurement of the total energy. It is recommended that the test be performed again
with the Zoom H1 set to an input level lower than 50.
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CHAPTER V
FLIGHT EXPERIMENT
To gain a real sense for the acoustic noise present during a rocket launch, a
microphone was placed in the payload bay of a single stage hybrid motor rocket. Known
as Chimera, this flight vehicle had a length and outer diameter of 6.75ft and 4.25in,
respectively.1 An image of the rocket can be seen in Fig. 5.1. The vehicle’s expected
performance was an apogee of 11,000ft, maximum Mach of 1.23, and acceleration of 40g.1
The microphone was oriented in the payload bay such that one condenser was aligned
horizontally and the other vertically, as seen in Figs. 5.2 and 5.3.

Figure 5.1

Chimera, hybrid rocket
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Figure 5.2

Top view of Chimera payload bay

Figure 5.3

Side view of Chimera payload bay

Positioned differently, the microphones are expected to measure difference results. After
recovery of the flight vehicle and payload, the flight computer showed roughly 40%
underperformance expected of Chimera. This loss was attributed to a defective oxidizer
feed line preventing oxidizer tank from being fully loaded at the time of the launch.1
Chimera managed to achieve an apogee of 8,281ft, maximum Mach of 0.72, and
acceleration of 18g. More flight experiments were planned to use the Zoom H1, however,
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further attempts in flying again were either stalled or resulted in failure due to technical
difficulties of the flight vehicle. It should be noted the microphone data experienced
clipping. This will have affected the results in some way, however since it is the only data
retrieved from a successful rocket launch so far, the results are presented here for
qualitative analysis.
The data recorded on the Chimera flight was divided into two sections: the motor
burn period and the coasting period. Motor burnout occurred after 3s. The coasting period
starts after motor burnout and was cutoff at apogee, which was 22s into flight.
Implementing the analysis techniques described in Chapter II, frequency spectrums were
developed for each section of the data. From Fig. 5.4, the spectrum of the motor burn period
shows several large peaks throughout the frequency range below 3kHz. The blue and
orange curve represents the horizontal and vertical condenser, respectively. A graphical
image of the Chimera rocket is included in the graph to help illustrate orientation.
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Figure 5.4

Burn Period Frequency Spectrum

Figure 5.5

Coasting Period Frequency Spectrum

Observing Fig. 5.5, the coasting flight of the rocket generates multiple, significantly higher
frequencies than the burn period. Note, however, that the y-axis scale for Fig. 5.5 is an
order of magnitude lower than Fig. 5.4.
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Shown in Fig. 5.6 are sound pressure levels calculated using the pwelch function
and Eq. 2.8 from as discussed in Chapter II. A window length of 2048 points and an overlap
values of 50% were used. The burn period data is shown in the top graph and the coasting
period data is displayed in the bottom graph. Figure 5.6 helps to illustrate the dominance
of lower range frequencies during motor burn and the shift to much higher frequencies after
burnout as the vehicle coasts to apogee. Listening to the recorded audio, high pitch noise
can be heard during the coast period which drops in frequency as speed of the rocket
decreases. This noise is likely due to either air passing over the payload bay vent hole,
creating a Helmholtz resonance. Another probable cause could be unburned, gaseous
oxidizer escaping from the oxidizer tank.

Figure 5.6

Narrow band SPL frequency spectrums

BP = Burn Period, CP = Coasting Period
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Out of curiosity, the instantaneous frequencies of the Chimera acoustic data were
calculated using the method discussed in Section 2.2 of Chapter II, which can be seen in
Fig. 5.7. This analysis was performed on the complete set of audio data. The velocity curve
of the Chimera vehicle is plotted along the right side to illustrate the association the average
of the frequencies has to the speed of the rocket. A spike around 0.5s is believed to be from
the motor ignition process. The instantaneous frequency rises as the velocity of the launch
vehicle gains speed. This sharp rise ends as Chimera reaches its peak velocity, which also
coincides with the motor burnout time. The instantaneous frequency rises and fluctuates.
This may be due to the noise source shifting from the motor to the outside aerodynamic
sources, with vibrations most likely contributing to some degree. The instantaneous
frequencies then start to rapidly decline as vehicle’s velocity reaches zero.

Figure 5.7

Instantaneous frequencies and velocity of Chimera rocket
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The data retrieved from the Chimera launch allows some insight into what can be
expected in future university rocket launches and for better preparation to prevent
distortion of data through clipping and possibly vibrations. It is a definite recommendation
additional flight data be recorded when possible, in tandem with a vibration sensor or
accelerometer. Use future analysis techniques to investigate and perform should be fill
factor and predicting the fluctuating pressure level of the turbulent boundary layer.2,5
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CHAPTER VI
PROPULSION SYSTEM NOISE ANALYSIS
Due to the unforeseen complications and failures in other attempted rocket
launches, another means of testing the digital microphone and gathering data on rocket
noise was required. In lieu of measuring flight data, acoustic loads from static-fired rocket
engines were recorded. Acoustic loading due to rocket motors and engines can be
significant, particularly on the launch pad where acoustic energy is deflected back toward
the rocket. Depending on the size of the engine, the noise can cause damage to nearby
structures, test equipment, people, and onboard payloads. Therefore, an understanding of
rocket noise analysis and prediction techniques was crucial. Multiple data sets were
collected over several months and predictions were calculated from the NASA SP-8072
for comparison.11
6.1

Experimental Setups
The first data set came from a small Cesaroni Technology J449 solid motor

statically fired on a horizontal test stand, shown in Fig. 6.1. This solid motor typically has
an average thrust of 100.8lbf (448.5N).8
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Figure 6.1

Horizontal static test of J449 motor

The horizontal test stand was then modified by the Squid Works rocket propulsion group
into a vertical test stand called the Mobile Vertical Test Stand (MVTS), shown in Fig. 6.2.
Designed to test hybrid motors, this new rig could test more powerful motors and collect
thrust data. A flat deflection plate angled at 45° was installed to turn the flow 90° so it
would be parallel with the ground.
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Figure 6.2

Mobile Vertical Test Stand

The J449 test and a portion of the MVTS tests measured incurred clipping before
the issue became apparent and was rectified. As such, the affected data was not used to
draw any conclusions in the report. Initially, the input level of the digital microphones was
left at the factory setting, 50 (33.13dB). Through trial and error, an input level of 10
(19.5dB) was found to record rocket motor acoustic loads without clipping.
Of the five sets of data used in this report, Test 1 (T1) was conducted in the alley
behind Patterson Engineering Laboratories at Mississippi State University, while Test 2-5
(T2-T5) were performed on farm land in Ridgeland, MS. Figure 6.3 and 6.4 show the
overhead layout of both locations, respectively.
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Figure 6.3

Patterson Alley test site

Red indicates the MVTS test. Orange indicates the J449 test. The arrows are the direction
of exhaust flow.

Figure 6.4

Ridgeland, MS test site

The alley behind Patterson is characterized by tightly packed structures such as buildings,
cars, a steel ball, and large air conditioning units. Noise measurements of the air handlers
were taken, and although loud, were found to be in the noise floor while the rocket motors
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were burning. The narrowness of the alley will also give rise to numerous reflections from
the ground, buildings, and other surrounding structures. The Ridgeland test site was more
suitable as the only interfering structures were a concrete tower next to the MVTS and a
few trees. The MVTS test pad was built next to the preexisting tower so the data acquisition
system could be housed and protected within the tower.
Table 6.1
Test (T#)

MVTS test details
Fuel
Grain

T1

M2281

T2

Additive
None

Favg
(lbf)

Fmax
(lbf)

Burn
Time (s)

53

143.65

4.5

Paraffin Aluminum

82.5

274.94

3.5

T3

M2281

N/A

N/A

3.5

T4

Paraffin Aluminum

73.3

170.18

4.5

T5

Paraffin

Potassium
Nitrate

59.57

100.5

6

None

r (ft)

Angle (°)

20
50
75
8.4
25
50
75
25
50
75
8.4
25
50
75
8.4
25
50
75

45
30
30
143.3
70
70
70
70
70
70
143.3
70
70
70
143.3
70
70
70

Table 6.1 details various information characterizing each test. Liquid nitrous oxide
was used as the oxidizer while two different fuel grains were used. The M2281 fuel grains
were purchased from the vendor Contrail Rockets, while the paraffin grains were
developed by the Squid Works. Additives used in each test are indicated in the third column
in the table. The position of the microphones with respect to the exhaust flow of the motors
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is provided in the last two columns in Table 6.1, where r is the radial distance measured
from the nozzle exit and the angle is measured from the center of the deflection plate. For
T2, T4, and T5, acoustic noise was measured from a balcony on the tower, 9.7ft above the
ground. This microphone position corresponds to being 8.4ft from the nozzle exit, radially.
6.2

NASA SP-8072 Predictions
The document NASA SP-8072 is a guide on acoustic loading generated by

propulsion systems, drawing on a large collection of research and data existing up to
1971.11 This document details three different prediction methods, each more complex than
the next. These predictions estimate noise levels as SPLs and OASPL in octave and 1/3
octave bands at difference positions with respect to the center of the exhaust flow axis.
Each method implements a different approach to allocating noise sources spatially.
The Point Source method assumes the acoustic loads generated by the propulsion system
emanate from a single point at the nozzle exit plane. This method draws on extrapolating
data from similar configurations laid out in NASA SP-8072 and has an accuracy of ±6dB.
However, it is only recommended for preliminary estimation.11
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Figure 6.5

Figure 14 from NASA SP-8072.

From Ref. 11
The First Source Allocation method assigns acoustic sources empirically using Fig. 14
from NASA SP-8072, which supplies curves for different situations. These curves organize
source strengths to locations along the plume axis centerline based on collected data.11 For
the purposes of this research, the solid curve for a deflected, open scoop deflector as seen
in Fig. 6.5 was used. The Second Source Allocation method estimates the core length of
the exhaust plume, slices the length into sections, and acoustic source strengths are then
allocated to the center of each slice based using Fig. 12 and 13 from NASA SP-8072, which
are shown here in Fig. 6.6 and 6.7.11 Both Source Allocation methods have an estimated
accuracy of ±4dB.11 References 12 and 13 were useful sources based on the NASA SP8072 and highlighted some errors in the document. The step-by-step calculation for each
prediction method can be found in Appendix A.11-13
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Figure 6.6

Figure 12 from NASA SP-8072.

From Ref. 11

Figure 6.7

Figure 13 from NASA SP-8072

From Ref. 11
6.3

Data Processing
To process the data from the test fires, the voltages were first converted to pressures

using Eq. 3.2 and dividing by a gain of 19.5dB, which corresponded to an input level of
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10. The pressures are then used in the pwelch function to produce power spectral densities,
with a segment length of 2048 points and 50% overlap. Then, Eq. 2.8 was used to convert
the PSDs to sound pressure levels. The narrow band sound pressure levels were then
converted into 1/3 octave band SPLs so comparisons could be drawn to the NASA SP8072 predictions. The center frequencies were determined using Eq. 2.5 and 2.6, with an n
= 1/3. The narrow band frequencies were then placed into the new constant 1/3 frequency
bandwidths and summed using Eq. 2.3. Lastly, the microphone position data from Table
6.1 was used determine prediction curves and values from the methods laid out in Appendix
A. Average thrust and specific impulse values of the M2281 moto provided by the
manufacturer were used in the prediction calculations for both the M2281 tests and the
paraffin tests because the performance parameters of the paraffin motors were not well
known, and their performance was being directly compared to the M2281 by Squid Works.
6.4

Narrow Band Sound Pressure Levels
Figure B.1-B.5, from Appendix B, show the narrow band (Δf=46.875Hz) sound

pressure levels for T1-T5, respectively. Looking through the graphs, the first major peak
in SPL occurs around 100Hz or lower, while the next is typically around 1kHz or 2kHz. In
the case of Fig. B.4, the peaks at 1kHz is more likely due to gaseous nitrous oxide escaping
an unsecured feedline, causing it to oscillate rapidly throughout the test. In this analysis,
the green curve of Fig. B.1 is ignored due to the presence of clipped data. The input level
for M5 was 25 (27.26dB) instead of 10, which resulted in a distortion of the data
inconsistent with the other measurements from T1
The overall appearance of the data from test to test is similar, with slight differences
such as more noticeable drops in sound intensity over distance in the T2-T5 compared to
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T1. The lack of apparent distance attenuation of the data in Fig. B.1 from Appendix B is
likely because the large structures the Patterson alley is made of, causing multiple sound
reflections which will create more noise and increase the overall acoustic energy measured.
The likely cause of other variations seen between test results are motor burn variation,
atmospheric conditions (relative humidity, temperature, and pressure), and the presence of
shockwaves. How the motor burns difficult to predict and consistency is hard to achieve as
there are numerous factors to try and account for. Correcting for different atmospheric
conditions is discussed further in the next chapter. It is believed acoustic shockwaves are
present in at least one set of data. The existence is indicated by large acoustic energy
present in very high frequencies, such as in Fig. B.2, which is not consistent with
atmospheric absorption loss theory.14,15 Determination of shockwave existence is discussed
in the next chapter.
6.5

1/3rd Octave Band Sound Pressure Levels
Next, the 1/3rd octave band SPL data is compared to the NASA SP-8072

predictions. Figure 6.8 is the 1/3rd octave band SPL data for Test 1 (ignoring the M5 curve).
This data is compared the prediction curves shown in Fig. 6.9-6.11. The Point Source
Method resembles the shape of the curves in Fig. 6.8, however, the energy is significantly
less than the measured result. This could be partially due to the location of the test at
Patterson alley. Figure 6.10 shows much better agreement between Position 1 (P1) and
Microphone 1 and 2 (M1/M2), but again the prediction curves for P2 do not match M3/M4,
because it does not account for reflections from surrounding structures. This project
benefited greatly when the MVTS was moved to Ridgeland, MS, which reduces the
concern of reverberating acoustic energy distorting measurements. Looking at Fig. 6.11,
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the curves from the Second Source Allocation Method, the prediction results do not
resemble the recorded data in Fig. 6.8. It is believed the implementation of this method was
flawed when compared to results from Ref. 11 and 12. The OASPLs from the 1/3rd octave
band data and predictions can be seen in Table 6.2. Observing these results, the First Source
Allocation for P1 is roughly equal to M1/M2, but at P2 it is about 10dB lower. For P3, the
clipped data is significantly higher.
Table 6.2

Overall Sound Pressure Level Comparison of T1

P1 (20ft)
P2 (50ft)
P3 (75ft)
PM1 (dB-SPL)
143.1
135.2
131.6
PM2 (dB-SPL)
146.5
137.8
134.3
PM3 (dB-SPL)
143.9
135.9
132.4
146.2
145.5
T1 (dB-SPL)
155.5
147.7
146.4
Location: Patterson Alley, Prediction Method = PM, P=Position

Figure 6.8

1/3rd octave band SPLs of T1
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M=microphone

Figure 6.9

Point Source Prediction Method for T1

P=Position

Figure 6.10

First Source Allocation Method for T1
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Figure 6.11

Second Source Allocation Method for T1

Moving on to the tests data taken in Ridgeland, Fig. 6.12-6.15 show much better
agreement between the measurement results and the first two prediction methods. The
figures are ordered by microphone positions for direct comparison across tests and to the
prediction models. From the data recorded on the tower, Fig. 6.12, the frequency range
below 1kHz is over predicted by Prediction Method 1 (PM1) and PM2.
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Figure 6.12

M1 (8.4ft) data from Ridgeland tests

Looking at Fig. 6.13, the models more closely match the measurement made 25ft away
from the test stand, but with lower calculated noise levels in the range between 100Hz30kHz. The same remains true for the 50ft and 75ft positions, for the range between 30Hz7kHz. The third method still shows little correlation to the measured data. These graphs
also highlight peak frequencies around 250Hz and 1kHz. Payloads and ground equipment
with resonance near these frequencies could be more susceptible to damage because of the
large sound pressure levels, even at 75ft away.
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Figure 6.13

M2 and M3 (25ft) data from Ridgeland tests

Solid line: M2, Dashed line: M3

Figure 6.14

M4 (50ft) data from Ridgeland tests
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Figure 6.15

M5 (75ft) data from Ridgeland tests

The OASPLs from these tests and predictions are provided by Table 6.3. Again, Prediction
Method 1 and 2 appear to deliver to good results. Referring back to NASA SP-8072, PM1
and PM2 have accuracy ranges of ±6 and ±4, respectively. The Point Source method
outputs either fall within its estimated range or deviate little. The First Source Allocation
method values also lie within the error range, with some deviation.
Table 6.3

Overall Sound Pressure Level comparison for T2-T5
Data Set
PM1 (dB-SPL)
PM2 (dB-SPL)
PM3 (dB-SPL)

P1 (8.4ft)
150.7
153.3
142.1

T2 (dB-SPL)

146.7

T3 (dB-SPL)

N/A

T4 (dB-SPL)

148.4

T5 (dB-SPL)

147.5

P2 (25ft)
141.2
143.9
141.9
144.9
145.1
145.3
145.4
147.6
147.9
146.4
146.4
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P3 (50ft)
135.2
137.8
135.9

P4 (75ft)
131.6
134.3
132.4

142

139.3

141.2

138.6

143.7

140.5

142

138.6

Finally, a comparison is made between the 50ft microphone positions of Test 1 and
Test 3, both of which were M2281 motors. From Fig. 6.16, match well in overall form of
the sound pressure level frequency spectrum curves. The T3 burn experienced poor
performance due to a leak in either the oxidizer tank or pressurization system. The
instantaneous frequency curves of Fig. 6.17 show the differences in motor burn. The large
variation in motor burn and difference in test location will result in the disparities between
the spectrum curves of Fig. 6.16. Despite the disparities, the shape of the energy levels
throughout the frequency bands are significantly similar. This is true between the M2281
and paraffin motors, reviewing the figures in Appendix B.

Figure 6.16

Comparison of 50ft position of T1 and T3
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Figure 6.17

Instantaneous frequencies of T1 and T3 data

The analysis of the tests was useful to help describe noise environment created
when ignited a rocket propulsion system for amateur high-powered rockets. Despite being
relatively small, the rocket motors are still very loud. The measured data also provided a
way to verify prediction models developed from a NASA document. The Point Source and
First Source Allocation methods proved useful and successful to some degree when
compared to measured data. The Second Source Allocation method did not agree well with
measured data, revealing a flaw in the development of the model. To achieve better
predictions, accurate motor performance values and the removal of differences of
atmospheric condition effects are necessary.
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CHAPTER VII
ADDITIONAL ANALYSES
This section comprises analyses that were studied and implemented during the end
of this project. The results of some were either unfinished or inconclusive. Further
investigation should be performed to gain more insight into their application and utility.
7.1

Atmospheric Absorption
As sound propagates, the acoustic energy dissipates over distance and due to

properties of the propagation medium. These properties (temperature, pressure, and relative
humidity) dampen the acoustic energy, often referred to as absorption. Combined, these
losses are called atmospheric absorption. From ANSI S1.26, the process of calculating
atmospheric absorption loss for pure-tone frequencies is described.16 A MATLAB function
based on ANSI S1.26, written by Stephen Perry, was provided to perform the calculations.
This function required inputs of distance, frequency, atmospheric temperature and
pressure, and relative humidity. The output is the attenuation of sound in decibels. Adding
the output to measured data corrects for the losses, removing the influence of atmospheric
properties. Appendix C outlines the equations used in the function program.16
7.2

Ground Reflections
Sound propagation can also be affected by the interaction between the direct sound

wave and the reflected sound wave travelling from a surface with a different acoustic
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impedance than the surround air. Figure 7.1 shows the geometrical setup, where xs is the
source height, xr is the receiver height, r1 is the direct wave path, and r2 is the reflected
wave path.

Figure 7.1

Geometry of sound propagation of direct and reflected waves

Note: From Ref. 17
The symbol Z represents the acoustic impedance and ψ is the angle of wave
incidence. This angle and the reflected path are calculated using and imaginary source in
the ground as xs. Depending on the heights of the receiver and source, distance between,
and the acoustic impedance of the ground, the sound will be attenuated at particular
frequencies. When measuring noise from statically fired rocket motors, depending on the
test setup, ground reflections can distort the data recorded at the microphone locations.
Because of the complex equations and assumptions used in this analysis, examples from
Ref. 4, 18, and 19 were followed. The results matched each example well. When applied
to real test scenarios for the rocket motors, the results did not match appropriately with dips
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in data perceived to be due to ground reflections. Appendix D outlines the algorithm of
equations used to reproduce the reference examples and perform the analysis.18,19
7.3

Detecting Shockwaves
As the rise time between pressure changes decreases significantly, the sound

waveform begins to take the appearance of a saw-tooth wave as opposed to a typical
sinusoid. This distortion is referred to as a “skewed” waveform.20 In acoustic measurement,
this skewing of the waveform is indicative of shockwaves, which are rapid pressure
changes that occur over short periods of time and space.21 Shockwave appearance in rocket
noise is significant because sudden, drastic changes in pressure could be potentially
damaging to electrical and lightweight components onboard the vehicle.
In the literature, two types of statistical calculations are used to determine whether
there are shocks present in a recorded noise, skewness and kurtosis.14,15,20,22 Skewness and
kurtosis are the third and fourth standardized moment of the probability distribution
function, which measure the asymmetry of probability distribution about the mean.20 For
skewness, symmetry occurs at 0, while kurtosis measures normal distribution at 3. Values
above the symmetry level indicate positively skewed waveforms, or shockwaves are
present in the signal. A skewness greater than 5 is said to be representative of significant
shock content.21 Methods exist to locate shockwaves in a recorded waveform, however
these methods have yet to be implemented successfully with data collected from the static
fire motor tests.20-22
Using the built-in MATLAB functions, skewness and kurtosis, the statistical values
were calculated for the pressures and pressure gradients of the measured recordings T2 and
T4, shown in Table 7.1 and Table 7.2, respectively.
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Table 7.1

Skewness and Kurtosis values of T2

Microphone
Position
M1
M2
M3
M4
M5

Table 7.2

Skewness
-0.03475
-0.01749
-0.11294
-0.20349
-0.41504

Derivative
Skewness
-0.08071
-0.08304
-0.01347
0.048203
0.012388

Kurtosis
3.5822
4.3527
4.2853
6.2786
8.3817

Derivative
Kurtosis
6.2472
6.9484
6.9522
7.5356
8.9689

Skewness and Kurtosis values of T4

Microphone
Position
T4 (M1)
T4 (M2)
T4 (M3)
T4 (M4)
T4 (M5)

Skewness
-0.0552
-0.06053
-0.1386
-0.27543
-0.51167

Derivative
Skewness
-0.084
-0.03882
0.007209
0.089094
0.010265

Kurtosis
2.5925
2.5727
2.5868
3.4427
4.3859

Derivative
Kurtosis
4.6384
4.3589
4.6418
4.9305
5.5551

The pressure gradient was determined by forward differencing method, which was used in
REF 22. Statistical values of the pressure gradient are called derivative skewness and
kurtosis. From Table 7.1, skewness and derivative skewness values are small (<<5)
indicating little skew of the waveforms. Kurtosis and derivative kurtosis, however, show
more sensitivity to skewing, with the microphone M5 showing the highest. This seems to
correspond with the appearance of higher than expected sound pressure levels measured
above 30kHz. From Table 7.2, the statistical data is much lower, which was expected since
no signs of large energy high frequencies were seen.
Statistical values for skewness and kurtosis were also found for a recorded data set
provided by Stephen Perry. The data is of jet noise recorded at the NCPA in an anechoic
chamber, with definite shock content. Looking as Table 7.3, the results of the jet noise data
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suggest significantly more skewing than compared to the values calculated for T2 and T3.
M3 and M4 of the jet noise data seem to experience the most shockwaves from that test for
all values, except for kurtosis.
Table 7.3

Skewness and Kurtosis values of NCPA jet noise

Microphone
Derivative
Skewness
Kurtosis
Position
Skewness
M1
0.0925
1.7162
3.0101
M2
0.0925
1.7162
3.0101
M3
0.1123
1.9808
3.0003
M4
0.1123
1.9808
3.0003
M5
0.0879
1.3984
3.0177
M6
0.1198
0.9426
3.0332
M7
0.1453
0.7223
3.0995
M8
0.1201
0.6125
3.0992
M9
0.0941
0.5745
3.0605
M10
0.0935
0.6021
3.0816
M11
0.0811
0.5485
3.0511
M12
0.0657
0.497
3.0338
M1 is closest to exit of jet nozzle. M12 is furthest from exit of jet nozzle.

Derivative
Kurtosis
8.7024
8.7025
10.4455
10.4455
7.149
5.1101
4.3216
3.9675
3.8395
3.9753
3.7206
3.622

From this analysis, there seems to be good evidence for the presence of acoustic
shockwaves in T5 for the microphone 75ft away from the test site. The derivative statistic
values prove to be more sensitive to skewed signals, as read in Ref. 20. However, from the
same reference, the derivative statistical values calculated for their data were significantly
higher than that shown in Table 7.1-7.3, with derivative skewness reaching 17 and
derivative kurtosis well within the hundreds.20 This could be due to the scale of the rockets
used in Ref. 20, but it is not certain. This type of analysis could be crucial if larger motors
are test or used to launch rockets, which will be more likely to generate shockwaves.
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CHAPTER VIII
CONCLUSION
There is much left to do to develop a full characterization of the acoustic
environment generated during rocket launches. However, more is understood now then
when the project first began. The Zoom H1 Handy Recorder has been proven to reliably
measure exact frequencies, the noise environment of a rocket in flight, and acoustic loads
generated by rocket motors. Despite being a low-cost device it was capable of measuring
multiple generated frequencies while experience significant vibrations and accelerations
during controlled ground tests. It is recommended the Zoom H1 microphone continued to
be used if possible, although the manufacturer has discontinued production of the device,
so its supply is limited. The manufacturer produces a new model, but another test in the
anechoic chamber at the NCPA will be necessary.
Future work on this project should continue to measure statically fired rocket motor
acoustic loads and work on developing better prediction models. Additional rocket
launches should also be measured for their acoustic environment when possible, along with
vibration and acceleration measurements. The microphone input level should be lowered
to 10 to prevent clipping. To better estimate the payload interior and flight acoustics, fill
factor and fluctuation pressure level analyses should be investigated and applied.
Horizontal vibration tests should be performed using with the mechanical vibrator to study
results and compare to flight data and the vertical test results. The centripetal acceleration
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tests with the rotary machine should be conducted again, because the previous test data
were clipped. Any future test should lower input level for the spinning microphone to
possibly 10.
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APPENDIX A
NASA SP-8072 PREDICTION ALGORITHMS
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A.1

Point Source Method
The input requirements for this algorithm are average thrust, exhaust velocity,

nozzle exit diameter, frequency, and microphone position. Equations A.1-A.3 calculate
estimates of the acoustic power of the rocket engine. The mechanical power, Pm, is
calculated by Eq. A.1. The average thrust of the rocket motor is denoted by F and Ue is the
exhaust velocity. Equation A.2 is the overall sound power, Woa. The acoustic efficiency is
given the variable η. This value is determined by deflector configuration and distance from
the nozzle exit. Using Eq. A.3, the overall sound power level can be computed, where the
reference power, Wr, is 10-12W.
1

𝑃𝑚 = 2 𝐹𝑈𝑒

(A.1)

𝑊𝑜𝑎 = 𝜂𝑃𝑚

(A.2)
𝑊

𝐿𝑤 = 10 log10 ( 𝑊𝑜𝑎 )
𝑟

(A.3)

Next, the normalized relative sound power level is found using Figure 5 from
NASA SP-8072. Equation A.4 is a curve fit created from extrapolated points from the
figure with a coefficient of determination of 95%.
𝑁𝑅𝑆𝑃𝐿 = −0.0086𝑆𝑡 5 + 0.3977𝑆𝑡 4 − 4.1227𝑆𝑡 3
+17.278𝑆𝑡 2 − 34.629𝑆𝑡 + 7.7983

(A.4)

The Strouhal number, St, is a dimensionless frequency commonly used to scale rocket
engine noise based on nozzle exit diameter, de, and exhaust velocity. This value is
calculated using Eq. A.5.
𝑆𝑡 =

𝑓𝑏 𝑑𝑒
𝑈𝑒

The sound power level for each frequency band, Lwb, is determined with Eq. A.6.
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(A.5)

𝑈

𝐿𝑤𝑏 = 𝑁𝑅𝑆𝑃𝐿 + 𝐿𝑤 − 10 log10 (𝑑𝑒 ) + 10 log10 (𝑓𝑏 )
𝑒

(A.6)

The sound pressure level for each frequency band at each position can then be calculated
using Eq. A.7, where r is the microphone distance from the nozzle exit. The directivity
index, DI, is found using extrapolation of data points from Figure 10 of NASA SP-8072
based on the position angle from the exhaust flow axis.
𝑆𝑃𝐿𝑏𝑝 = 𝐿𝑤𝑏 − 10 log10 (4𝜋𝑟 2 ) + 𝐷𝐼

(A.7)

Finally, Eq. A.8 outputs overall sound pressure level at each position.
𝑂𝐴𝑆𝑃𝐿𝑝 = 10 log10 (∑ 10

A.2

𝑆𝑃𝐿𝑏𝑝
10

)

(A.8)

First Source Allocation Method
This method has a similar process to the Point Source Method and requires the same

inputs. The mechanical power, sound power, and overall acoustic power are found using
the Eq. A.1-A.3. The Strouhal number is again calculated from Eq. A.5. To better estimate
the noise distribution in the rocket plume, Figure 14 from NASA SP-8072 provides curves
of apparent source position along the plume axis as a function of Strouhal number. Multiple
curves exist for various flow deflection devices. From this figure, the solid black line for
an open scoop deflector was used as the closest match to a flat plate deflector. Equation
A.9 is a curve fit made from extrapolated points. This curve fit has a coefficient of
determination of 96%.
𝑥 = 𝑑𝑒 29.359𝑒 −2.947𝑆𝑡

(A.9)

With the new source allocated positions, simple geometry is used to determine the angle
the microphones have with respect to each new source location. These angles are then used
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to find the directivity indexes. Finally, the remaining calculations use Eq. A.4 and Eq. A.6A.8 to output SPLbp and OASPLp.
A.3

Second Source Allocation Method
This method also requires the same inputs and begins similarly to the previous

prediction methods, calculating mechanical power, sound power, overall sound power,
Strouhal number as before. The noise sources of the exhaust plume are determined by
estimating the inviscid core length of the rocket exhaust plume using Eq. A.10 and the
dividing the length into slices. The location of each source is placed in the center of the
slices. The Mach number at the exit of the nozzle, Me, is estimated with the Area-Mach
relation equation assuming isentropic design conditions. This assumption may lead to
deviation between the prediction and recorded data.
𝑥𝑡 = 1.75𝑑𝑒 (1 + 0.38𝑀𝑒 )2

(A.10)

According to Ref. 12, if the core length is calculated to extend past a deflecting structure,
then the length of the laminar core should be terminated at the deflection point.
With these source positions and simple geometry, the angle between the
microphone locations and the source positions can be determined and used to extrapolate
and develop curve fits of the directivity indexes. Afterward, the normalized relative sound
power level for each source position can be found with Eq. A.11, a curve fit created from
Figure 12 from NASA SP-8072. The coefficient of determination for Eq. A.11 is 98.5%.

𝑥 4

𝑥 3

𝑥 2

𝑁𝑅𝑆𝑃𝐿 = −0.2948 (𝑥 ) + 3.517 (𝑥 ) − 16.389 (𝑥 )
𝑡

𝑡

𝑥

+29.107 (𝑥 ) − 20.511
𝑡
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𝑡

(A.11)

The overall sound power level in each slice is given by Eq. A.12, where Δx is the length of
each slice.
𝛥𝑥

𝐿𝑤,𝑠 = 𝑁𝑅𝑆𝑃𝐿 + 𝐿𝑤 + 10 log10 ( 𝑥 )
𝑡

(A.12)

The normalized relative sound power spectrum level (NRSPSL) is determined with a curve
fit from Figure 13 in NASA SP-8072, shown as Eq. A.13. The curve fit has a coefficient
of determination of 91%. The NRSPSL curve is the sound power distributed over a
modified axial Strouhal number, StM, which is dimensionless frequency found using Eq.
A.14. The atmospheric speed of sound is a0 and the exhaust gas speed of sound at the exit
of the nozzle is ae.
6
5
4
𝑁𝑅𝑆𝑃𝑆𝐿 = −1𝑒 −7 𝑆𝑡𝑀
+ 2𝑒 −5 𝑆𝑡𝑀
− 0.0017𝑆𝑡𝑀
3
2
+0.0557𝑆𝑡𝑀
− 0.816𝑆𝑡𝑀
+ 3.4371𝑆𝑡𝑀 − 14.368

𝑆𝑡𝑀 = 𝑓𝑏

𝑈𝑒 𝑎0

(A.13)
(A.14)

𝑥𝑎𝑒

The final normalized sound power of each frequency band, in each slice, is found by Eq.
A.15.
𝑈 𝑎

𝑒 0
𝐿𝑤,𝑠,𝑏 = 10 log10 (𝑁𝑅𝑆𝑃𝑆𝐿) + 𝐿𝑤,𝑠 − 10 log10 ( 𝑥𝑎
) + 10 log10 (𝑓𝑏 )
𝑒

(A.15)

Finally, the sound pressure level of each frequency band, from each slice, for every position
of interest is computed using Eq. A.16.
𝑆𝑃𝐿𝑠,𝑏,𝑝 = 𝐿𝑤,𝑠,𝑏 − 10 log10 (4𝜋𝑟 2 ) + 𝐷𝐼

(A.16)

To determine the sound pressure level of each frequency band at each analysis position,
Eq. A.17 takes the logarithmic summation of the noise distributed over the slices.
𝑆𝑃𝐿𝑏,𝑝 =

10 log10 (∑𝑚
𝑠=1 10
60

𝑆𝑃𝐿𝑠,𝑏,𝑝
10

)

(A.17)

Calculating the overall sound pressure level is the same as the previous methods, taking
the logarithmic summation of the intensity measured over the frequency bands.
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APPENDIX B
MVTS AND PREDICTION FIGURES

62

Figure B.1

Test 1 Narrow Band SPLs

Location: Patterson Alley

Figure B.2

Test 2 Narrow Band SPLs

Location: Ridgeland, MS
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Figure B.3

Test 3 Narrow Band SPLs

Location: Ridgeland, MS

Figure B.4

Test 4 Narrow Band SPLs

Location: Ridgeland, MS
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Figure B.5

Test 5 Narrow Band SPLs

Location: Ridgeland, MS
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APPENDIX C
ATMOSPHERIC ABSORPTION ALGORITHM
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The algorithm begins by receiving inputs: distance, frequency, atmospheric
pressure, atmospheric temperature, and relative humidity. Equation C.1 is used to
calculate the molar concentration of water vapor, h; where hrel is the relative humidity,
psat is the saturation vapor pressure, pr is the reference pressure of 101.325kPa, and pa is
the atmospheric pressure.
ℎ = ℎ𝑟𝑒𝑙 ∗ (

𝑝𝑠𝑎𝑡
𝑝𝑟

−1

𝑝

) ∗ ( 𝑝𝑎)

(C.1)

𝑟

To calculate the ratio psat/pr, the Eq. C.2 is used. The exponent C is determined by Eq.
C.3.
𝑝𝑠𝑎𝑡
𝑝𝑟

= 10𝐶

𝐶 = −6.8346 ∗

𝑇011.261
𝑇𝑎

(C.2)
+ 4.6151

(C.3)

From Eq. C.3, T01 is the triple-point isothermal temperature of 273.16K and Ta is the
atmospheric temperature. Next, the relaxation frequency of oxygen and nitrogen are
computed using Eq. C.4 and C.5, respectively.
𝑓𝑟𝑂 =

𝑝𝑎
𝑝𝑟

{24 + [

(4.04∗104 ℎ)(0.02+ℎ)

]}

0.391+ℎ

(C.4)

1

𝑓𝑟𝑁 =

𝑝𝑎 𝑇𝑎
𝑝𝑟

−0.5

(𝑇 )
𝑟

(9 + 280ℎ𝑒

𝑇 −
{−4.17[ 𝑎 3 −1]}
𝑇𝑟

)

(C.5)

Then, the relaxation frequencies are used to calculate the attenuation coefficient, α, using
Eq. C.6.
2

𝛼 = 8.686𝑓 ([1.84 ∗

𝑝 −1 𝑇 0.5
10−11 𝑝𝑎 ( 𝑇𝑎) ])
𝑟
𝑟
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5

+

𝑇 −2
( 𝑇𝑎)
𝑟

∗ {0.01275𝑒

−2239.1
𝑇𝑎

[𝑓𝑟

𝑓𝑟𝑂

𝑂

] + 0.1068𝑒
2
+𝑓2

−3352
𝑇𝑎

[𝑓𝑟

𝑓𝑟𝑁

𝑁

2

+𝑓2

]}

(C.6)

Finally, the atmospheric absorption, Aa, is calculated by Eq. C.7, which will have units of
dB. The distance is represented using the variable s.
𝐴𝑎 = 𝛼𝑠
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(C.7)

APPENDIX D
GROUND REFLECTION ALGORITHM

69

With inputs of source and receiver height and horizontal distance, the direct path,
reflected path, and angle of incidence can be determined using simple geometry. Other
required inputs for the remaining process are frequency and the specific flow resistance
per unit thickness. The specific flow resistance value is dependent on the material the
ground is made of. Using Eq. D.1-D.3, the normalized characteristic acoustic impedance
of the surface material can be calculated, where Eq. D.1 is the real component and the Eq.
D.2 is the imaginary. Specific flow resistance is represented as σ, frequency is f, and i is
the imaginary.
𝑓 −0.02
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𝑍𝑠𝑅 = 1 + (600 ∗ 𝑡𝑎𝑛−1 ( 𝑓 ) + 16) ∗ (𝜎)

𝑓 −1.36

3.2

𝑍𝑠𝐼 = (1 ∗ 𝑡𝑎𝑛−1 (𝑓+0.4) + 0.2) ∗ (𝜎)
𝑍𝑠 = 𝑍𝑠𝑅 + 𝑖 ∗ 𝑍𝑠𝐼

(D.1)
(D.2)
(D.3)

Using Zs and the angle of incidence, ψ, the plane wave reflection coefficient is calculated
using Eq. D.4.
𝑍𝑠∗sin(𝜃)−1

𝑅𝑝 = 𝑍𝑠∗sin(𝜃)+1

(D.4)

The numerical distance is computed by Eq. D.5, where k0 is the wave number in air and r2
is the reflected wave path.
1 2
𝑍𝑠
sin(𝜃)
1+
𝑍𝑠

(sin(𝜃)+ )

𝑤 = 0.5𝑖𝑘0 𝑟2 (

)

(D.5)

Next, the boundary loss factor, Fw, is calculated using Eq. D.6.
𝐹𝑤 = 1 + 𝑖 √𝜋𝑤𝑒 −𝑤 𝑒𝑟𝑓𝑐(−𝑖√𝑤)
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(D.6)

Equations D.7 and D.8 describe the characteristics of the reflected wave, with Eq. D.7
determining the image source strength and Eq. D.8 the spherical wave reflection factor.
The variable θ is the phase angle of the image source strength.
𝑄 = 𝑅𝑝 + (1 − 𝑅𝑝 )𝐹𝑤

(D.7)

𝑄𝑠 = |𝑄|𝑒 −𝑖𝜃

(D.8)

Finally, the excess attenuation due to the interference of ground reflections is found with
Eq. D.9.
𝑟

2

𝑟

1 + (𝑟1 ) |𝑄𝑠 |2 + 2 (𝑟1 ) |𝑄𝑠 |
2

𝐸𝐴 = −10 log10

2

𝑓𝑏

(

sin(𝜋𝑓𝑏 𝜏)
𝜋𝑓𝑏 𝜏

∗ cos (2𝜋𝑓𝜏√1 + (2𝑓) + 𝜃)
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(D.9)

2

)

